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ABSTRACT
Nezamuddin, Omar N. MSECE, Purdue University, December 2014. Power Elec-
tronics Solutions for Uninterrupted Power Supply and Grid-Tie Inverters. Major
Professor: Euzeli dos Santos Jr.
This thesis proposes two new topologies for Uninterrupted Power Supply (UPS),
and a grid-tie microinverter. The rst topic will discuss an on-line transformerless
UPS system based on the integrated power electronics converters that is able to con-
trol the input power factor, charge the battery, and guarantee backup operation of
the system. The main advantages of the proposed UPS are active power factor correc-
tion (PFC) without the need of a complex control scheme, and integrated functions
of the battery charger circuit and PFC with only three power switches. Operation
modes of the system and the PWM strategy is presented in detail. The second topic
discussed is of a proposed circuitry for a single-phase back-to-back converter for UPS
applications. The main advantages of this topology is higher number of levels at the
rectier side, less number of power switches, and no need for a boost inductor at the
input side of the converter. The last topic discussed is of a proposed patent pending
microinverter. This topic was a project funded by the National Science Foundation,
and its aim was to help commercialize the research. This project proposes a solution
for a solar inverter called Delta Microinverter that allows easier and faster installation
as well as power conversion with higher eciency. Delta Microinverters innovation is
found in its patent-pending shape and in its patent-pending circuitry, i.e., electronics
mounted inside of the Delta Microinverter. The Delta Microinverters shape has a
housing congured for rapid mounting using a single fastener and its power electron-
ics conguration oers an optimized relationship between the number of levels and
number of power switches.
11. INTRODUCTION
The objective of this thesis is to present new power electronics solutions for unin-
terrupted power supply (UPS) systems and grid-tie inverters. This thesis is divided
into ve chapters. The rst chapter will introduce a comprehensive review of power
electronics applied to UPS and grid-tie solar inverters. The second chapter proposes
a solution for UPS systems which is based on a new transformerless integrated power
converter. Emphasis will be on power factor control (PFC), model, PWM strategy,
and battery voltage management. Chapter 3 deals with an optimized circuitry for a
single-phase back-to-back converter, with focus on the principles of operation, PWM
strategy, and control. Chapter 4 deals with a patent-pending circuitry and shape
(physical) of a grid-tie microinverter. The circuity will be discussed in two sections,
and the shape in another. Chapters 2, 3, and 4 present simulated or experimental
results to validate the proposed topologies. The nal chapter will be a summery that
goes over the presented chapters.
1.1 UPS systems
UPS is an electrical device with a main purpose of supplying emergency power
when there are blackouts or brownouts. Such systems are often used for the protec-
tion of devices such as computers, telecommunication equipment, medical equipment,
and many other electrical devices where power loss could cause serious problems or
injuries [1{3]. UPS units range in size [4{6], they could power up anything from 200
V A to 46 MVA.
Among the three major types of UPS (o-line, line-interactive, and on-line [24]),
the on-line one oers some advantages such as protection of critical load from either
voltage or frequency uctuation with the utility power line. Such an on-line UPS can
2also preserve critical loads from spikes, sags and grid load voltage harmonics. Con-
sidering the power electronics point of view, an on-line UPS presents three conversion
units as presented in Fig. 1.1, they are: rectier, inverter and dc-dc bidirectional
converter. During the normal operation of the on-line UPS, the energy from the grid
is employed to supply the load and also charge the battery. If the battery is fully
charged, the energy ows strait from the grid to the load through rectier and in-
verter blocks. In the case of grid outage, the system should be able to send the energy
stored in the battery to the load.
Rectifier Inverter
Converter
Grid Load
Battery
Normal
operation
Backup
operation
Bypass
switch
Fig. 1.1. Simplied schematic of an on-line UPS.
A line-interactive UPS with reduced cost was proposed by [25] oering the charac-
teristics of an on-line UPS. Such an UPS is based on the combination of two full-bridge
VSI converters connected in series with the input and the second one in parallel with
the load. On the other hand, [26], [27] presented a DSP-controlled on-line UPS with
transformerless for single-phase applications with balanced charging and discharging
control capability. In [28] was proposed an UPS system with reactive power compen-
sation. Another example of on-line UPS with power factor correction and electrical
isolation is proposed by [29], [30]. The power factor correction based on the boost
converter is the most popular technique to achieve unity power factor [28], [30], [31]
3in UPS and others power electronics-based equipment. The implementation and de-
sign of a PIC microcontrolled on-line UPS is shown in [38], power factor correction is
also implemented in the design using a switch mode power supply module. Another
example showing power factor correction based on an intrinsic boost converter was
discussed in [43].
Another topology with a feedback control system for regulating the battery voltage
supplying the inverter was discussed in [39]. There are plenty of dierent topologies
for charging the battery of the UPS system, such as using photovoltaic panels as dis-
cussed in [41]. Other topologies, like [42], show the use of fuel cell instead of batteries
for backup operations. Topologies like this have plenty of advantages such as higher
power density, eciency, and less maintenance costs. There has also been some re-
search regarding early detection of faults for on-line batteries shown in [40].
Single-phase to single-phase back-to-back converter is the center piece device for
dierent industrial electric apparatus, such as active power lter [24], motor drive
systems [25], and specially for (UPS) systems like [36] and [37].
A conventional back-to-back converter used in an UPS system can be employed
with either eight power switches, as presented in Fig. 1.2(a), or with six power
switches, as presented in Fig. 1.2(b). Notice that the six power switch converter
employs a shared leg between both input and output sides of the converter [34]. This
topology is especially interesting for applications such as UPS due to optimization
brought up by a synchronization technique [33].
1.2 Grid-Tie Inverters
Grid-tie inverters are essentially inverters that change electricity from direct cur-
rent (DC) to alternating current (AC) and are typically used with solar panels [7{13].
Some of the main advantages of the grid-tie system compared to others (o-grid and
grid-tie with batteries) is lower cost for initial setup, lower maintenance in the long
run, less complexity, and higher eciency [55]. One of the most important features of
4the grid-tie inverter is its ability to synchronize the inverted power obtained from the
DC source with the utility grid. In fact, these devices should align the voltage and
current in phase with the utility grid within 1 degree. Fig. 1.3 [56] shows a simple
diagram of how a Grid-tie inverter works [54], which is usually associated with either
solar panels or wind turbines. These devices can be used for residential or commercial
applications.
Grid-tie inverters are associated with either solar or wind energy [18, 19]. There
are three types of devices used as solar grid-tie inverters: Microinverters, string in-
verters, and central inverters.
(a)
(b)
Fig. 1.2. (a) Conventional single-phase converter with eight power
switches. (b) Shared-leg topology with six power switches.
5Fig. 1.3. Grid-Tie inverter block diagram.
Microinverters are usually attached to the back of a single solar module, and then
combined with the output of other microinverters connected in parallel [14{17]. The
string and central inverters work in a dierent manner, such that solar modules are
connected together in series then fed into one of the inverters [22,23]. The issue with
such systems is when shading or complete failure occurs to one of the solar modules,
the whole system is aected since they are connected together in series. Microinvert-
ers and string inverters are usually associated with residential applications, whereas
central inverters (and sometimes string inverters) are associated with commercial
systems.
62. UPS BASED ON A NEW TRANSFORMERLESS
INTEGRATED POWER CONVERTER
A new transformerless on-line UPS system is proposed, which is based on the inte-
grated power electronics converters able to control the input power factor, charge the
battery, and guarantee backup operation in the case of utility power outage. Also, a
controlled load voltage is obtained with the proposed circuit. The system is presented
in Fig. 2.1(b), where LPF stands for Low-Pass-Filter. The input power factor control
is based on the principle presented in [32], which improves the input power factor
and input current waveform without any feedback control strategy. Fig. 2.1(a) shows
a transformerless on-line UPS constituted by a conventional set of power converters,
i.e., controlled rectier, bidirectional dc-dc converter interfacing the battery and dc-
link voltage, and an inverter. Such a converter is able to control input power factor,
guarantee battery management and regulated load voltage. However, it employs ten
power switches.
Comparing both Figs. 2.1(a) and 2.1(b), there is a reduction of 30% on the num-
ber of power switches employed by the proposed converter. Notice that, the static
bypass switch designed to connect the load to the grid voltage in the case of power
conditioner failure [see Fig. 1.1], is not presented in Figs. 2.1(a) and 2.1(b). Selected
steady-state and transient outcomes are presented to validate the operation of the
proposed converter as an UPS system.
2.1 Power Factor Control
The input converter side consists of a diode bridge (D1, D2, D3, and D4), two
small capacitors(C1 and C2), two inductors (L1 and L2) and three power switches
(S1a, S1b, and S1c) constituting a three-switch leg. To guarantee power factor equal
7vg
S3
S3
L
P
F
lv
(a)
vg
vg1
vg2
S1a
S1b
S1c Lb
L1
L2
C
S2
S2
S3
S3
L
P
F
N
B
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D1 D2
D3 D4
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Fig. 2.1. (a) Conventional UPS power converter. (b) Proposed UPS
with integrated power converter.
to one as well as a sinusoidal grid current (ig), the voltage vN0 (between the point N
and 0) must have a constant duty cycle equal to 0.5 at a frequency much higher than
the grid frequency.
Eight modes of operation are presented in Fig. 2.2. While Figs. 2.2 (a)-(d) show
the modes of operation for the positive half cycle of the grid voltage, Figs. 2.2(e)-(h)
show those modes for the positive half cycle of vg. In mode 1 [Fig. 2.2(a)] the switch
S1a is switched ON which allows the current owing through C1-D1-L1-S1a. Energy
stores up in L1, while a discharge current of the dc-link capacitor Cdc ows through
the output converter side. In mode 2, S1a is switched OFF while S1b along with S1c
are switched ON at the same time. Then, the stored energy of L1 is released to the
output converter side and Cdc via S1b-S1c-C1-D1, while L2 stores energy by a current
though C2-S1b-S1c-D4. After all energy in L1 is released, mode 3 starts, similarly to
8N
B
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(a)
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(b)
N
B
D1
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(c)
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B
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(d)
N
B
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(e)
N
B
D2
D3
(f)
N
B
D3
(g)
N
B
D2
D3
(h)
Fig. 2.2. Modes of operation for the input side of the proposed con-
verter: (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, (e) mode 5,
(f) mode 6, (g) mode 7, and (h) mode 8.
9mode 1, but with the parts related to the bottom side of the converter (L2). So it is
for Mode 4. The average value of the grid current can be written as:
ig =
egTs
16L
1
(1  eg=2Vdc) (2.1)
If 2Vdc > vg, then ig is approximately sinusoidal.
The grid current can be written as a function of the diode currents, as below:
ig = iD1   iD3 (2.2)
ig = iD4   iD2 (2.3)
The inductor currents, in return, are given by:
iL1 ! iD1 or iD3 (2.4)
iL2 ! iD3 or iD4 (2.5)
Then, it is obtained from (2.2) and (2.3) that:
2ig = iD1   iD2   iD3 + iD4 (2.6)
For the positive and negative half cycle of the grid voltage, the grid current will
be given respectively by :
ig = (iL1 + iL2)=2 (2.7)
ig =  (iL1 + iL2)=2 (2.8)
2.2 Model and PWM stratigies
The three-switch leg plays an important role for the operation of the proposed
on-line UPS. This leg is composed of the power switches S1a, S1b, and S1c. A binary
10
variable is associated with each switch, (i.e., S1x = 1 is used when the switch is
closed, and S1x = 0 when the power switch is open, with x = a, b, c). Notice that,
as observed on the conventional converter (with two switches per leg), the switches
in the three-switch leg cannot be turned on simultaneously, which will avoid a short-
circuit through dc-link capacitor. In this way, eight possible switching states could
be obtained for this leg, since there are three switches with two switching states each
(S1x = 1 and S1x = 0). Many of these switching states are prohibited, because of
either a short-circuit or one of the unwanted switching states. For instance, when it
is trying to generate either lower voltage at point N than that at point B or higher
voltage at point B than that at point N [see Fig. 1(c)]. Table 2.1 shows all possible
states with the indication of no-prohibited states, which are highlighted in this table.
From Table 2.1 it is possible to write equations for the voltages VN0 and vB0 as a
function of the three-switch leg and the dc-link voltage Vdc as follows:
vN0 = [S1a(1  S1bS1c)]Vdc (2.9)
vB0 = [S1aS1b(1  S1c)]Vdc (2.10)
The model presented in (2.9) and (2.10) indicates that the voltages vN0 and vB0 is
a function of the switches states. Then, the PWM signals will be generated to satisfy
the converter's requirement for the power factor correction at the grid side and energy
management of the battery. Fig. 2.3(a) shows an analog PWM solution employed for
the three switch leg. As described in Section 2.1.1, for the correct operation of the
circuit, the voltage vN0 must be modulated with a constant duty cycle equal to 0.5.
Fig. 2.3(b) (top) shows a comparison between the reference voltage (V N) and carrier
signal (vt) needed to keep a 50% duty cycle. Due to the requirement of vN0 > vB0,
the maximum duty cycle for the switch S1c will be also 50%, but as indicated in Fig.
2.3(b) (bottom) it is possible to change V bat to guarantee battery management.
11
S1a
S1b
S1c
Vbat* PWM
Strategy
vt
vt
VN
*
Dutycycle: 0.5
N
B
PFC
Duty cycle variable
Battery control
(a)
VN vt*
S1a
Vbat
vt*
Duty cycle: 50%
S1c
S1c
Variable duty cycle
Variable
amplitude
Maximum
variation
allowed
(b)
Fig. 2.3. (a) PWM strategy. (b) Main PWM signals.
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Table 2.1.
Indication of prohibited switching states of three-switch leg.
States S1a S1b S1c Prohibited States
1 0 0 0 Yes
2 0 0 1 Yes
3 0 1 0 Yes
4 0 1 1 No
5 1 0 0 Yes
6 1 0 1 No
7 1 1 0 No
8 1 1 1 Yes
2.3 Battery Voltage Management
Considering the battery's point of view, there are two operation modes depending
on the utility power conditions. For a normal operation, i.e., with a rated voltage
available at the grid side, the battery must be charged until reaching the stand by
mode. On the other hand, when a disruption is detected by the control system, the
battery must furnish the energy demanded by the load. In both cases, normal and
abnormal grid conditions, the energy is processed by the dc-ac converter, which guar-
antees a desirable load voltage free of sags, swells, and variations of frequency. Fig. 2.4
shows the schematic for the battery energy management system. The grid conditions
is detected by measuring vg, for the normal condition the relay must be turned on
and the voltage V bat is generated to charge the battery, which is obtained through Ibat.
On the other hand, for the abnormal grid voltage,the relay must be turned o
and the switch S1a must be turned on. In this case the V

bat is employed to keep the
dc-link voltage constant Vdc. R1 and R2 is used as a voltage divider.
Fig. 2.5(a) shows the control implemented to charge the battery. V charger is
the voltage needed to charger the battery, its value will depend on the number and
association of batteries employed on the UPS. C is a PI controller. Fig. 2.5(b), in
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S1a
S1b
S1c
R1
R2
Battery
Energy
Management
Vbat*
Ibat
Vdck
Relay
vg
Fig. 2.4. Schematic for the battery energy management system.
turn, presents the control block diagram to control the dc-link capacitor voltage (Vdc)
during the abnormal grid operation. In this case, a cascade control is employed to
send the energy from the battery to the load. Notice that the output of the controller
Cv will dene reference of the battery current (I

bat) to keep the voltage Vdc under
control. Such a reference current is compared to the measured current Ibat, and the
output of the current controller denes V bat for the PWM.
Vcharger*
Vbat
C
Vbat*
(a)
Vdc*
C
Ibat
*
Vdc
v
Ibat
Ci
Vbat
*
(b)
Fig. 2.5. (a) Battery voltage control. (b) Dc-link capacitor voltage control.
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2.4 Simulated Results
The proposed UPS has been tested through simulation results. The parameters
of the simulation is given by: 1) ac capacitors employed as voltage divider at the grid
voltage of 3:3F , 2) inductors L1 and L2 of 60H, 3) dc-link capacitor of 1100F ,
4) LCL output lter constituted by the two inductors and a capacitor of 60H and
45F , and 5) resistive load of 280. As shown in Fig. 2.6(a), by allowing the voltage
vN0 to have a constant duty cycle of 0.5, the input grid voltage and current will be
in phase (controlled power factor). The dc-link voltage across the capacitor is also
constant, as shown in Fig. 2.6(b). Fig. 2.6(c) shows the load voltage and current as
expected.
Fig. 2.7 shows the details about the power factor operation of the proposed
converter. Fig. 2.7(a) presents the grid variables (vg and ig) as well as the inductor
currents (iL1 and iL2) for the positive half-cycle of the grid voltage. Fig. 2.7(b) shows
the same variables as before for the negative half-cycle of the grid voltage.
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Fig. 2.6. Simulation results: (a) input power factor correction, (b)
dc-link voltage, and (c) load voltage and current.
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Fig. 2.7. Simulation results: (a) positive half-cycle of the grid volt-
age/current, and (b) negative half-cycle of the gird voltage/current.
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3. OPTIMIZED SINGLE-PHASE BACK-TO-BACK
CONVERTER FOR UPS APPLICATIONS
This section proposes a single-phase back-to-back converter [see Fig. 3.1] for ap-
plications in UPS systems with optimized operation in terms of either power losses
reduction or better performance in terms of the quality of the waveform generated
by the converter (lower total harmonic distortion of the grid current). The com-
plete analysis presented in this thesis includes the converter model, its operation, the
PWM strategy, dc-link capacitor voltage and grid current controls. Also, a compre-
hensive comparison between the proposed and conventional converter presented in
Fig. 3.1 will be studied more in depth. Simulation results are presented to validate
the theoretical study.
Fig. 3.1. The proposed back to back converter.
3.1 Principle of Operation and Model
The input side (rectier) is made up of four switching power devices (Sg1   Sg2
and Ss1   Ss2), two diodes (D1 and D2) and one split-wound coupled inductor [35].
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The legs constituted by the switches (Ss1 Ss2) will be shared with the inverter. The
state of the all the switches can be represented by a binary variable, where Sj = 0
indicates an open switch and Sj = 1 indicates a closed switch (with j = g1, g2, s1, s2,
l1, and l2). It is assumed that the currents in the coupled-windings are in continuous
conduction mode, as highlighted in Fig. 2(a). Figs. 3.2(b), 3.2(c), 3.2(d), and 3.2(e)
show equivalent circuits when the switches of the rst leg (Sg1 Sg2) are equal to (0-
0), (1-1), (0-1), and (1-0) respectively. The voltages vg10 and vg20 (voltages from the
points g1 and g2 to zero) can be expressed as a function of the state of the switches,
as shown below:
vg10 = Sg1vc (3.1)
vg20 = (1  Sg2)vc (3.2)
This means that the converter can be modeled as shown in Fig. 2.1. In this gure,
vs0 is the voltage from point s to zero and it is given by:
vs0 = Ss1vc (3.3)
where Ss1 = 1   Ss2, meaning that the switches Ss1 and Ss2 are complementary of
each other, to avoid a short-circuit of the dc-link voltage across the capacitor (vc).
Then, the voltage vg0 is given by:
vg0 =
1
2
(vg10 + vg20) (3.4)
Once the voltages vg0 and vs0 were obtained, the AC voltage of the rectier will be
given by:
vg = vg0   vs0 (3.5)
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(a) (b)
(c) (d) (e)
Fig. 3.2. (a) Operation in continuous conduction mode. (b) Sg1 =
Sg2 = 0. (c) Sg1 = 0 and Sg2 = 1. (d) Sg1 = 1 and Sg2 = 0.
(e)Sg1 = Sg2 = 1.
From equation (3.5), it is possible to model the converter as depicted in Fig. 3.3.
Another important variable in this circuit is the inductor voltage (vind), which is used
to guarantee continuous conduction mode, this voltage is given by:
vind = vg10   vg20 (3.6)
The inverter is modeled with the shared leg of Ss1 and Ss2, and by the leg with
the switches Sl1 and Sl2, which allows:
vl0 = Sl1vc (3.7)
20
Then, load voltage (vl) can be written as:
vl = vl0   vs0 (3.8)
Fig. 3.3. Converter rectier model.
3.2 PWM Strategy and Control Approach
As described in the rectier model, both voltages vg and vind were obtained from
the pole voltages vg10, vg20 and vs0. In terms of control actions, there is a need to
regulate two main variables, the dc link voltage vc (at the output converter) and
the grid current ig must be sinusoidal with a power factor close to one at the input
converter side. The cascaded closed loop control in Fig. 3.4 is used for this task,
where the output of the CV block (PI controller) will dene the amplitude of the
reference grid current Ig . The instantaneous reference grid current, i

g, is obtained
from Ig multiplied by the output of a phased lock loop (PLL) block. The PLL's job
is to provide a sinusoidal signal with an amplitude of 1, and that is in-phase with
the grid voltage. The output of the current controller Ci denes the reference grid
voltage vg employed in the PWM strategy.
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Fig. 3.4. PWM strategy employed for the control of the DC link voltage.
The gating signals Sg1,Sg2,Ss1,and Ss1 must be dened to generate the desired
voltages vg and v

ind. Since:
vg = Sg1
vc
2
+ (1  Sg2)vc
2
  Ss1vc (3.9)
vind = Sg1vc   (1  Sg2)vc (3.10)
Equations (3.9)-(3.10) are instantaneous expressions, which could be obtained through-
out the average values in the switching period Ts. The duty cycle of each switch can
be dened as the instantaneous switching states, as follows:
Dg1 =
1
Ts
Z t+Ts
t
Sg1(t)dt (3.11)
Dg1 =
1
Ts
Z t+Ts
t
Sg2(t)dt (3.12)
Ds1 =
1
Ts
Z t+Ts
t
Ss1(t)dt (3.13)
Ds2 =
1
Ts
Z t+Ts
t
Ss2(t)dt = 1 Ds1 (3.14)
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This means that considering average values, equations (3.9) and (3.10) can be written
as:
2vg
vc
= Dg1 + 1 Dg2   2Ds1 (3.15)
vind
vc
= Dg1 +Dg2   1 (3.16)
And one possible solution from equations (3.15)-(3.16) for Dg1 and Dg2 would be:
Dg1 =
vind + 2v

g
2vc
+ Ss1 (3.17)
Dg2 =
vind   2vg
2vc
+ 1  Ss2 (3.18)
Once the reference voltages vg , v

ind,and vc are known, the completion of the modu-
lation scheme for S1s must be dened following these rules: Ss1 = 1 if v

g < 0 and Ss1
= 0 if vg  0.
For the output converter side, the reference pole voltages dening the load voltage
will have dierent frequencies. Then, vl0 must have a high switching frequency so that
dierence between vl0 and v

s0 will have three levels. Fig. 3.4 well then be the complete
analog solution for the PWM strategy presented in equations (3.17)-(3.18), together
with the closed loop cascaded control strategy for the proposed rectier.
3.3 Simulated Results and Experimental Results
The converter has been simulated using PSIM software. The load is given by R
= 39.6, Lf=50mH, and Cf=50F . The DC link voltage source is 375V , and the
switching frequency is 10KHz. Fig. 3.5 (a) shows the simulation results for the
rectier variables, with the expected ve levels for the voltage vgs and sinusoidal grid
current. Preliminary experimental results are presented in Fig. 3.5 (b).
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(a)
(b)
Fig. 3.5. (a) Simulation results, and (b) experimental results.
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4. DELTA MICROINVERTERS
The purpose of the Delta Microinverter is to provide innovative solutions for installers
and home owners of photovoltaic solar systems. Such a microinverter device is con-
nected to directly to the solar panel and the utility grid. This device is able convert
DC power from the solar panel, to AC power that is compatible with that delivered
by the utility company. The Delta Microinverter will also guarantee that each solar
module is operating at its maximum power point, and constantly provide information
about the power that is delivered by each solar panel. The gure below (Fig. 4.1)
shows the circuitry for the delta microinverter without the controller.
vsolar
S1
C
S2
S2
S3
S3
L
P
F
dc
D1
D2
R
C vgrid
s
s
Fig. 4.1. Schematic of the Delta Microinverter.
4.1 DC-DC Converter
4.1.1 Flyback Topology
For typical microinverters, a boost converter is required to step up the voltage
from the solar panels (typically from 18-35Vdc to 170Vdc in the United States). A
yback topology was used to implement the DC-DC boost converter for the Delta
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Microinverter. A typical schematic for a yback converter is presented in Fig. 4.2.
The use of the transformer is to obtain a boosted voltage, depending on the ratio of
the windings, and to achieve isolation from the input/output voltage.
S1
Cdc
Primary Secondary
R load
Vsource
D1
Vdc
Fig. 4.2. Schematic of typical y back converter.
Fig. 4.3 (a) and (b) show the two dierent modes of operation of the converter.
In mode 1, the switch S1 is o and the voltage of the primary of the transformer
is connected to the input source. While the current and the magnetic ux increase
in the primary, the secondary voltage induced of the transformer will be negative,
keeping the diode D2 o. Meanwhile, the capacitance would be discharging energy
to the load. When the switch S1 is on, the current of the input voltage will be zero,
so the energy stored in the primary will be released through the secondary windings.
This will cause the voltage at the secondary to be positive, which will forward-bias
the diode so the energy goes through it to the load while also charging the capacitor.
4.1.2 Model and PWM Strategy
The switch S1 plays an important role in achieving the desired voltage across the
the capacitor Cdc. By controlling the duty cycle of this switch, the control of the
voltage Vdc is guaranteed. A simple PI controller can be implemented for the control
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S1
Cdc
D1
Primary Secondary
R loadVdc
Vsource
(a)
S1
Cdc
D1
Primary Secondary
R loadVdc
Vsource
(b)
Fig. 4.3. (a) Mode 1, and (b) mode 2.
of this voltage, this is shown in Fig. 4.4. This is important part of the inverter, since
the voltage at the input is continuously changing, the voltage across the capacitor
Cdc must stay constant.
Vdc*
C
Vdc
Vref
*
Vt
error
S1
Fig. 4.4. PWM strategy for control of Vdc.
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The voltage V dc shown in Fig. 4.4 is the desired DC link voltage, where as Vdc
is the actual voltage that needs to be controlled. The dierence between the two
voltages, error, is then the input of the PI controller labeled as C. The output of
the PI controller will dene the reference voltage V ref , this will be compared with a
triangular high frequency signal that decides the duty cycle of the switch S1. Fig. 4.5
shows this comparison between the high frequency triangular signal and the reference
voltage V ref .
4.1.3 Snubber circuit
Snubber designs are quite important in plenty of applications. Not only do elec-
trical systems needs a snubber for the voltage transients, but also for mechanical and
uid systems (extra forces and pressure transients) [62]. In the Delta application, a
simple rectier diode is in series with a parallel combination RC to form the snub-
ber. This snubber is in parallel with the primary windings of the transformer, since
they are usually associated with inductors. This is due to the fact that current of
an inductor cannot change instantaneously, instead they are a continuous function of
time. If the power switch was operating at a much higher frequency than 100MHz,
VRef vt*
S1
Dutycycle
Fig. 4.5. Variable reference voltage V ref dening the gating signal.
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then the use of ultrafast or Schottky diodes may be used [44]. Fig. 4.6 shows the
snubber circuit used in the Delta Microinverter.
S1
D2
R
Cs
s
SnubberCircuit
Fig. 4.6. The Diode/RC snubber circuitry for the Delta Microinverter.
4.2 DC-AC Inverter
4.2.1 H-Bridge Topology
Many methods of inverting DC voltage to AC exist, and the H-bridge topology is
one of the most common ones used. The Delta also uses the H-bridge topology for
inverting the controlled dc-link voltage Vdc to an ac voltage that is in phase with the
grid. Fig. 4.7 shows the H-bridge topology which is implemented in the circuitry.
Some of the basics of this topology is that S2 and S2 must be compliments of
each other, so do S3 and S3. This means that they cannot be on at the same time,
avoiding short-circuit of the dc-link voltage. Table 4.1 shows the line-to-line voltage
V23 = V2   V3 with the corresponding switching state.
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S2
S2
S3
S3
L
P
F vgridVdc
V2
V3
Fig. 4.7. H-bridge topology used in the Delta Microinverter.
Table 4.1.
The switching states of the H-bridge
States S2 S3 V23
1 0 0 0
2 0 1  Vdc
3 1 0 Vdc
4 1 1 0
4.2.2 Model and PWM strategy
Guaranteeing the control of the output current is the most important part of the
scheme. Since the voltage is dened by the grid, the current is what needs to be
controlled in order to insure proper ow of power to the utility grid. Fig. 4.8 shows
the complete control strategy used to guarantee control of the current.
First, the phase of the grid voltage vg must be obtained in order to insure a
C
V23*
error
S2
Ig*
PLL
i G
Vt
i g*Vg
cos(wt)
MPPT
2
S3
Vpv Ipv,
S2
S3
-1
V2*
V3*
Fig. 4.8. PWM strategy for control of the grid currentig.
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proper reference current ig. This angle  is obtained through a typical PLL scheme,
which will be used to dene a sinusoidal signal that is in-phase with the grid voltage.
The amplitude of the reference grid current Ig will be multiplied by the sinusoidal
signal to obtain the reference grid current ig. To insure the control of the grid current
ig, the dierence of i

g and ig will dene an error for the PI controller labeled C. The
controller well set the reference line-to-line voltages V 23 that will be used to dene
the pole voltages. This can be seen from equation 4.1 below:
V 23 = V

2   V 3 (4.1)
Then, one solution would be to make:
V 2 =
V 23
2
(4.2)
and,
V 3 =  
V 23
2
(4.3)
This way, the reference pole voltages will dene the state of the switches, as shown
in Fig. 4.8.
If the line-to-line voltage is to be represented as a pulsating voltage, and the LPF
as just a simple inductance, then the right side of 4.7 can be represented as shown in
vgridv23
Z
ig
P
Fig. 4.9. Simple representation of the output side.
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Fig. 4.9. In this gure, Z will be the impedance of the inductance dened as R+ jX.
The equation of the current can be seen as follows:
ig =
v23   vgrid
Z
(4.4)
Where v23 = V23e
j and vgrid = Vgride
j. If the grid voltage is set to be the reference
voltage, then the angle  can be considered 0 and then equation 4.4 can be written
as:
ig =
V23 e
j   Vgrid
R + jX
ig =
V23 cos() + j V23 sin()  Vgrid
R + jX
(4.5)
As in most power systems, the small resistance R which is associated with the induc-
tance or capacitance is neglected in calculation (shown in [63]) resulting in:
ig =
V23 cos() + j V23 sin()  Vgrid
jX
ig =
V23 cos() + j V23 sin()  Vgrid
jX
j
j
ig =
V23 sin()  j[V23 cos()  Vgrid]
X
ig =
V23 sin()  j[V23 cos()  Vgrid]
X
ig =
V23 sin()
X
  j[V23 cos()  Vgrid]
X
(4.6)
And the real power that is delivered to the grid can be seen as:
P = Re[vgrid i

g] (4.7)
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where Re denotes the real part of a complex number and the  here denotes the
complex conjugate. Then it is evident that the power P that is supplied by v23 is:
P =
Vgrid V23
X
sin() (4.8)
The approach of presenting power ow in a triangle form has been presented
in [45]. Considering the phasor diagram (Fig. 4.10) of the simplied circuit shown in
Fig. 4.9. If the current ig has the same angle of the grid voltage vgrid, the resulting
angle  of v23 will be positive. This means that equation 4.8 will always be positive,
and the power will be absorbed by vgrid. Another method of determining the power
ow direction with the phase angle between the current and the voltage was presented
in [46].
δ
ig vg Rig
jXig
v
23
Fig. 4.10. Phasor diagram of the simplied circuit in g 4.9.
4.2.3 LPF
A LCL low pass lter (LPF) is chosen for this design, and it is to achieve a better
current waveform than a L type lter as in typical voltage source inverters [49], [50].
LC type lters are aected by the change in the resonance frequency throughout
time, therefore they are disregarded [52]. Other research shows the eects of the
grid inductance on the LC lter, and why this type of lter should be avoided. One
of the most important requirements for microinverters (grid-tie) is that the quality
of the current injected to the utility grid must have minimum distortion. Details
about proper and systematic design of a LCL LPF is discussed in [47]. Fig. 4.11
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v C f23 vg
R1 R2
Rg
L1 L2 Lg
R f
Grid
i23 ig
ic
vc
Fig. 4.11. Model of the LPF.
shows a per phase equivalent circuit as depicted in [48]. Since the grid voltage vg
should be an ideal voltage source (it is a short-circuit for harmonic frequencies), it
will be considered 0 for the calculation of the transfer function of the LPF. One KCL
equation can then be derived in the s domain, such as:
i23 = ig + ic (4.9)
And the currents can be dened as:
i23 =
v23   vc
R1 + sL1
(4.10)
ic =
vc
Rc +
1
sCf
(4.11)
and,
ig =
vc
(R2 +Rg) + s(Lg + L2)
(4.12)
Since the goal is to achieve the transfer function ig
v23
, equation 4.10 can be redened
so that all the currents are with respect to ig.
v23 = i23(R1 + sL1) + vc (4.13)
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And setting vc of equation 4.11 and 4.12 equal, the current ic can be written with
respect to ig.
ig[(R2 +Rg) + s(Lg + L2)] = ic(Rc +
1
sCf
)
ic = ig
(R2 +Rg) + s(Lg + L2)
(Rc +
1
sCf
)
ic = ig
sCf (R2 +Rg) + s
2Cf (Lg + L2)
(sCfRc + 1)
(4.14)
Then, plugging in 4.14 into 4.9 and then to the redened equation of 4.10 while
solving for vc from 4.12 yields to:
v23 = ig
[sCf (R2 +Rg) + s
2Cf (Lg + L2)](R1 + sL1)
sRcCf + 1
+ ig(R1 + sL1)
+ ig[(R2 +Rg) + s(Lg + L2)] (4.15)
After taking a common denominator of the right side,
v23 =
ig[s
3  + s2  + s  + ]
1 + sRcCf
(4.16)
where,
 = L1Cf (Lg + L2) ;
 = Cf [R1(Lg + L2) + L1(R2 +Rg +Rc) +Rc(Lg + L2)] ;
 = Cf [R1(R2 +Rg) +Rc(R2 +Rg) +RcR1] + L1 + L2 + Lg ;
and,
 = R1 +R2 +Rg :
Finally, rearranging equation 4.16 can then result to:
ig
v23
=
1 + sRcCf
s3  + s2  + s  + 
(4.17)
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The transfer function was calculated in order to plot the bode diagrams, which
are useful in analyzing the system's response to dierent values of L1, Cf , and L2.
4.3 Triangular Shape
4.3.1 Comparison with other Solutions
The market for the microinverters is growing every year. One signicant notice for
these devices was the shape of them, they are all square shaped with at least 2 screws
attaching them to the solar panel or a mounting bracket. The goal for the Delta
Microinverter was not only to have a very ecient circuit, but also to provide better
solutions for the installers of the solar system. Thats where the idea of the patented
triangular shape came from. It is evident from Fig. 4.13 (b) that a triangular shape
with one screw would be of more convenience to the solar installers. Fig. 4.12 [57{61]
shows other brands of microinverters, to give an idea of how much time can be saved
with this new shape.
4.3.2 Schematic and Printed Circuit Board
For the Delta Microinverter, the Printed Circuit Board (PCB) was made with the
software Altium. A schematic must be made (Fig. 4.3.2) to help with the convenience
of checking dierent points once the PCB has been printed. It also helps in connecting
all the nodes of the PCB layout, which becomes more complex as the system grows.
In the schematic section, each component can be edited so that the foot print can
match the actual size of the part. Once the PCB layout has nished, gerber and NC
drill les must be made in order for companies to make the PCB. Fig. 4.15 shows
the nal PCB layout that was made for the prototype of the Delta Microinverter.
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(a) (b) (c)
(d) (e)
Fig. 4.12. (a) APS, (b) Enphase, (c) Involar, (d) SMA, and (e) Solar Bridge.
4.3.3 Enclosure
The enclosure of the Delta Microinverter consists of two parts; the heat sink
base, and the cover. The design of whole enclosure was made with Google's free
3D designing software SketchUp. This can be seen below in Fig. 4.16 (a)-(d). Two
dierent companies were used to make the actual enclosure. The rst one was for
the heat sink, it was through a company called eMachineShop, and they specialize
in making custom aluminum extrusions. eMachineShop oers plenty of in depth
specication regarding the type of metal intended for use, and the quality of the nish.
The cover was made through a 3D printing company called Sculpteo. Sculpteo oers
a variety of dierent plastic nishes and colors. Both companies accept le extensions
directly created from the Google SketchUp software. Fig. 4.17 shows more pictures
of the rst prototype of the Delta Microinverter.
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Junctionbox
DC Cables
(a)
Junction Box
Delta Microinverter
Screw
AC Cables
DC Cables
(b)
Fig. 4.13. (a) Back view of a solar panel. (b)Proposed Delta Microinverter setup.
4.4 Simulation and Experimental Results
The Delta Microinverter was simulated using the software PSIM for closed loop
control scheme, while the experimental results were done in open loop (Fig. 4.18).
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The same conditions were used for the test in PSIM as the real experimental results,
such as: 400
 resistive load, inductance of 100H for each inductor (total of 3) used
in the LPF, capacitance of 100F for each capacitor used in the LPF, and input
voltage of 20V dc. As shown in Fig. 4.19, the boost converter was able to step up
the voltage to 190V dc at the dc-link. Fig. 4.20 shows the current from the inputs
side, while Fig. 4.21 (a) and (b) show the PWM frequency dierence of the boost
converter and the inverter. The outputs side after the LPF was a pure sine wave with
60Hz frequency and 120V rms (Fig. 4.22). Another thing to note was the use of a
lm capacitor of 1F across the dc-link voltage during the experiment. This capacitor
got rid of the high frequency ripple, as evident from Fig. 4.23 (a) and (b).
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Fig. 4.15. PCB layout of the Delta Microinverter.
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(a) (b)
(c) (d)
Fig. 4.16. 3D Design made in Google SketchUp: (a)-(b) Dierent top
views, (c) plastic cover, and (d) aluminum heat sink.
Fig. 4.17. Photos showing the prototype of the Delta Microinverter.
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Fig. 4.18. The Delta prototype during testing.
Fig. 4.19. Experimental results showing the boost converter: the rst
signal (yellow) is the boosted voltage, and the second (green) is the
input.
43
Fig. 4.20. Current owing from the solar panel.
44
(a)
(b)
Fig. 4.21. (a) The signal applied to the MOSFET at the inputs
side(100kHz), and (b) signal applied to one of the switches on the
inverters side (20kHz).
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Fig. 4.22. The output of the LPF is shown in green, and the dc-link
voltage is the yellow signal.
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(a)
(b)
Fig. 4.23. (a) The dc-link Voltage without a lm capacitor, and (b)
shows the dc-Link with the lm capacitor.
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5. SUMMARY
The thesis proposed oers power electronic solutions for UPS and grid-tie inverters.
One solution was for an on-line UPS system based on the integrated power electron-
ics converter. The proposed converter allows the control of the input power factor,
manages battery operation with backup operation in the case of utility power out-
age. The main advantages of the proposed UPS are active power factor correction
(PFC) without any feedback control, and integrated functions of the battery charger
circuit and PFC by using only three power switches. Details regarding the operation
modes of the system and modulation strategy were presented. Simulation results are
presented to validate the theoretical expectations.
The second proposed topology oers optimized waveforms generated by the con-
verter and less power losses. Analysis of the converter model, its operation, PWM
strategy, and control of the grid current and dc-link voltage was presented. Simu-
lation results validate the theoretical studies, and preliminary experimental results
were also presented.
Finally, the proposed grid-tie microinverter oers great technology and a new
patented shape. It provides great eciency and ease of installation compared to
current competitors. A closed loop controlled scheme of the dc-ac converter is in
experimental trails in accordance with theoretical studies. It will also guaranty that
the input dc voltage is operating at its maximum power point. Experimental results
of the open-loop tests where presented to validate the prototype in operation. The
next generation of this prototype will include another patented circuitry for the dc-ac
converter [53] that is able to achieve better eciency.
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